The measurement of coronary flow reserve, traditionally calculated as the ratio of maximal hyperemic blood flow divided by basal flow, is difficult to interpret in serial studies because fluctuating hemodynamic parameters may affect either basal or hyperemic flow measurements. To determine the magnitude of this problem and to develop alternative approaches for measuring vascular reserve, 10 anesthetized dogs were instrumented with aortic and inferior vena cava occluders, electromagnetic coronary flow probes, and high-fidelity micromanometers in the left ventricle and aortic root. Coronary flow was measured in the basal state and during maximal hyperemia induced by a steady-state adenosine infusion. Observations were made in the absence of a stenosis and in the presence of two incremental degrees of subcritical stenosis produced by a rigid, external screw occluder. Several parameters of vascular reserve were determined: 1) coronary flow reserve (defined above), 2) mean hyperemic flow divided by mean aortic pressure, 3) mean hyperemic flow divided by the difference between mean aortic pressure and left ventricular end-diastolic pressure, and 4) the slope of the instantaneous relation between diastolic hyperemic flow versus pressure. Each parameter was measured during five steady-state pressure levels achieved by partial occlusion of either the inferior vena cava or the aorta and the levels ranged from 82±8 mm Hg (mean+SD) to 127±9 mm Hg during hyperemia. All measures of vascular reserve were found to be dependent on hemodynamic parameters such as heart rate and mean aortic pressure. The slope of the instantaneous relation between diastolic hyperemic flow and pressure, however, showed only minimal dependence on heart rate and, in contrast to coronary flow reserve measurements, distinguished between the normal and the two stenotic states. Further, this optimal performance of the hyperemic flow versus pressure slope index was shown in a model in which coronary flow and myocardial work were not independently controlled. This index provides a sensitive and reliable indication of subcritical stenosis severity that may have clinical applications. (Circulation 1989; 80:941-950) I nterest in the measurement of coronary flow reserve has increased due to digital angiographyl and subselective Doppler flow catheters2 that allow such measurements to be made in humans. There are, however, limitations of coronary flow reserve measures as recently reviewed by Hoffman3 and Klocke.4 When coronary perfusion pressure and myocardial workload are divorced from one another in a perfusion-controlled model, maximum flow reserve values will vary directly with the prevailing perfusion pressure due to linear dependency of maximal hyperemic flow on perfusion pressure. If perfusion pressure is relatively constant, the coronary flow reserve index will vary depending on the specific autoregulated level of basal flow. Attempts to measure flow reserve at different aortic pressures may lead to ambiguities because basal flows will vary with the concomitant changes in cardiac workload that parallel alterations in arterial pressure. These problems are evident clinically, for example, in the setting of angioplasty. To develop a more reliable index of vascular reserve, we determined the actual degree of hemodynamic dependency of the traditional coronary flow reserve index and evaluated alternative, potentially better approaches. We specifically evaluated whether other traditional measures of vascular reserve that incorporate pressure measurements are truly less pressure sensitive than the traditional coronary flow reserve index. In addition, we sought to establish the hemodynamic independence of a new approach for gauging stenosis severity and coronary reserve by analyzing the slope of the instantaneous relation between maximal hyperemic diastolic coronary flow and pressure. This index does not require measurement of basal flow and is, therefore, independent of it. The index also incorporates aortic pressure, thereby potentially minimizing dependence on perfusion pressure. As in previous studies,6-9 indexes of coronary vascular reserve were assessed in the setting of subcritical coronary stenoses because it is typically within this range that stenoses are most difficult to quantitate. Methods Twenty-seven mongrel dogs of either sex (mean weight, 24.2 kg; range, 17.4-37.2 kg) were studied. All animals were anesthetized with sodium pentobarbital (35 mg/kg), intubated, and ventilated with a Harvard respirator. A left thoracotomy was performed in the fifth intercostal space. The heart was exposed and supported in a pericardial cradle. The proximal descending aorta was dissected free and surrounded by a Blalock clamp. The inferior vena cava was surrounded with a snare occluder at the level of the diaphragm. A left carotid arteriotomy and left jugular venotomy were performed and sheaths were inserted for vascular access.
The proximal left anterior descending and circumflex arteries were dissected free for 3-4 cm. An appropriately sized and calibrated electromagnetic blood flow probe (Carolina Medical Electronics, King, North Carolina), an elastic vessel loop, and a lightweight acrylic C-clamp (Poly C Co, Rochester Hills, Michigan) were placed on each. A calibrated SF micromanometer (Millar Instruments, Houston, Texas) was passed into the left ventricle via an apical stab wound and secured with a purse-string suture. A second 5F micromanometer was passed through the carotid sheath into the ascending aorta. Zero pressure was established at the midlevel of the heart after thoracotomy. Drift was assessed frequently throughout the protocol. Left ventricular pressures, differentiated left ventricular pressure (dP/dt), phasic aortic pressure, phasic coronary blood flow, and heart rate were monitored on a Gould recorder (model 2800S, Gould Electronics, Cleveland, Ohio) interfaced to an IBM XT computer modified for online signal digitization at 200 Hz/channel.
All animals were pretreated with propranolol (1 mg/kg) and atropine sulfate (1 mg). Adenosine (9-,3-D-ribofuranosyladenine) (Sigma Chemical Company, St. Louis, Missouri) was dissolved in 370 C saline to produce a 1 mg/kg/min infusion through the jugular sheath. The adenosine solution was infused at a rate of 0.382 ml/min with a Harvard pump.
The sinoatrial node was destroyed with Marcaine/ ethanol infiltration in eight of 34 preparations. Pacing wires were attached to the left atrial appendage and connected to a pacemaker (Bloom Associates, Reading, Pennsylvania) in these animals.
Six animals were used to investigate the possibility of subendocardial ischemia in the presence of a "severe" subcritical stenosis. Additional preparation in these animals included a femoral arteriotomy and a polyethelene injection line in the left atrial appendage. Commercially available microspheres (New England Nuclear, Boston, Massachusetts), 15 ,um in diameter and labeled with either Sn113 or Sc46 were used. Each microsphere sample (approximately 3X 106 spheres in 10 ml 370 C saline) was ultrasonicated and vortexed and injected over 60 seconds through the atrial line during steady-state adenosine-induced maximal hyperemia in both a nonstenotic and a stenotic state. The precise microsphere technique used by this laboratory has been described elsewhere.10 Subselective intracoronary infusion with 2,3,5 -triphenyltetrazolium chloride (TTC) (Sigma) and Evans blue dye (Sigma) was used to determine perfusion bed mass at the conclusion of the experiments. The left anterior descending coronary artery and the left circumflex coronary artery were proximally cannulated with polyethylene tubing (at the level of the C-clamp in the stenosed artery). The aortic root was separately cannulated and simultaneously perfused with 370 C isotonic saline. Dye perfusion was performed at 100 mm Hg for 5 minutes. Dyed perfusion beds were then dissected free and weighed. Preliminary Observations Several preliminary observations were undertaken to help determine the optimal method of measuring flow: pressure relations in intact animals. To determine whether the relation between pressure and flow in diastole during variations in intrinsic heart rate was linear and similar to the relation during a long diastole, recordings during adenosineinduced hyperemia were made during pacing and following cessation of pacing. Figure 1 shows the results of two such preparations by showing that during the cardiac cycle the relation between hyperemic flow and pressure during diastole is linear and that the slope of this linear relation is very similar during both short and long diastoles. Curvilinearity of the relation at very low pressures was also observed; no study of this phenomenon and its relation to the controversial issue of critical closing pressures was undertaken. aortic Blalock clamp or the caval snare during constant adenosine infusion. Each steady-state acquisition (usually five to seven beats) was postprocessed to generate a single average beat. Full hemodynamic recovery was allowed between each of the adenosine infusions. Further, steady-state pressure acquisitions were alternated with basal (nonvasodilated) acquisitions at each pressure level so the traditional coronary flow reserve ratio (hyperemic/ basal coronary flow) could be calculated and related to other indexes of vascular reserve.
Following acquisition of five to seven steadystate beats, basal or hyperemic average beat pairs over a mean pressure range of 80-130 mm Hg, the acquisition series was repeated after the C-clamp occluder was tightened to subcritically impair hyperemic flow. To preclude potential collapse of the stenosed artery during adenosine-induced hypotension, the level of stenosis was adjusted during maximal vasodilation, and subsequent basal or hyperemic acquisition pairs were obtained at successively greater pressure levels. In this manner, no collapse of the vessel away from the occluder or other conformational changes of the stenosis were possible. Two levels of subcritical stenosis, moderate and "severe," were examined in each artery.
As in prior experiments,6"9 stenoses associated with impairments of basal coronary blood flow were not studied to constrain observations to the subcritical range of severity.
Data Figure 2 and Table 1 summarize the calculation of the mean HFVP slope index measurement. This initial approach was abandoned for the following reasons. As noted in Table 1 , the slope of the relation between mean aortic pressure and mean maximal blood flow was not sensitive enough to distinguish between a mild and more severe stenosis. In addition, the x intercept of this relation was widely variable and often yielded unphysiologic (negative) values. Furthermore, Figure 2 Table 2 summarizes the mean aortic pressure measurements during each steady-state in both the basal and hyperemic conditions (17 perfusion beds). The results demonstrate that the goal of establishing progressively greater pressure levels was achieved. These were obtained at approximately 10 mm Hg increments. The significant hypotensive effects of adenosine are evident, but the lowest perfusion pressure level studied even during hyperemia was 82±8 mm Hg. Table 3 summarizes the heart rate and LVEDP measurements. No attempt was made to control these variables directly. A small decrease in heart rate and a slight rise in LVEDP were noted as mean aortic pressure increased. Table 4 summarizes the rate of change of aortic pressure during diastole. These results demonstrate the expected increase in the rate of pressure fall as mean aortic pressure rose. No attempt was made to control this variable either since control of this factor in clinical applications would not be feasible. Figure 3 and Table 5 summarize the results of blood flow measurements. They demonstrate the clear pressure dependency of both basal and hyperemic blood flow in this model and the downward shift of the hyperemic blood flow values induced by coronary stenosis. Table 7 and Figure 6 show the instantaneous HFVP slope index measurements. Figure 7 shows an example of the HFVP slope index calculations in a single dog studied at the five different pressure levels. No significant differences among pressure levels were noted. Moreover, the index distinguished among all stenotic and nonstenotic states ( Table 7) . The x intercept values of the linear regression results are also shown in Table 7 . The x intercept values tended to increase at the highest perfusion level. This suggests that the flow-pressure loops at higher pressures are shifting rightward (see Figure 7) , thereby accounting for maintenance of a single, maximal coronary conductance value despite an increase in the x intercept. Alternatively, it may signify that at very high perfusion pressure levels outside the range of this study, a higher value for the instantaneous HFVP slope index and a degree of pressure dependency might have been noted.
The upper two panels of Figure 8 show individual data points at pressure level three for the instantaneous slope index and coronary flow reserve. Both indices show the expected directional changes with increasing stenosis severity. But, as shown in Table  7 , the mean coronary flow reserve for mild and severe stenoses were not statistically different. The lower panel of Figure 9 underscores the greater dependency of coronary flow reserve on aortic pressure. Percent changes between measures at pressure levels two and four were used to demonstrate this. The mean percent changes in the instantaneous HFVP slope index were not different from zero and were significantly less than concomitant changes in coronary flow reserve in the absence of a stenosis (26.9±34.7% vs. 1.9+24.1%, p=0.0305). Table 8 shows the results of stepwise multiple linear regression analysis incorporating all 255 observations. The model included heart rate, mean aortic pressure, and LVEDP. As expected, the traditional coronary flow reserve index was primarily dependent on mean aortic pressure during hyperemia. Negative correlations with hyperemic heart rate and basal mean aortic pressure were also noted. The former was expected due to abbreviation of diastolic perfusion time, and the latter was expected due to a rise in basal flow in response to rising myocardial work. The CBF-AoP index was negatively correlated with heart rate and positively correlated with mean aortic pressure during hyperemia. Only the instantaneous HFVP slope index showed no correlations.
Stepwise multiple linear regression analysis was repeated using data that was standardized to remove the effects of the different ranges associated with nonstenotic and stenotic conditions. These results are also summarized in Table 8 . Results were very similar to the prior analysis except that the instantaneous HFVP slope index showed a significant but minimal negative correlation with heart rate during hyperemia.
Discussion
This study demonstrates the relative hemodynamic dependency of coronary flow reserve mea- A key prerequisite for the comparison of vascular reserve from patient to patient, in a patient in situations where the size of the perfusion bed is expected to change, or when hypertrophy is present, is the ability to measure the size of the perfusion bed so that vascular reserve can be measured per gram of tissue. Recent attempts to measure this parameter in ways that might be applied in patients have been described using subselective hydrogen infusions and detection of hydrogen washout curves with a platinum detector (pacing wire) in the pulmonary artery or right ventricular outflow tract.'0 This approach was useful for calculating perfusion bed size in normal animals when used in conjunction with measurements of absolute blood flow. The primary drawback, however, is that prolonged The degree of hemodynamic dependency of traditional single point measures of coronary conductance (CBF/AoP, CBF/[AoP-EDP]) was somewhat surprising, but it can be explained by consideration of the idealized situation shown in Figure 9 . A series of pressure: flow loops is transformed to yield a single instantaneous diastolic regression slope; the point-mean of pressure and flow of each loop is also shown. The ratio of mean hyperemic flow to mean aortic pressure actually represents the slope of a line joining this point to the origin. Regressing each point through the origin reveals increasing slopes (i.e., pressure dependency) of coronary conductance when measured by this single-point method.
This study is limited by the fact that it was undertaken in an anesthetized, ,-blocked, animal preparation and within a confined range of hemodynamic perturbations. The range examined, however, was greater than generally encountered clinically. It is worth emphasizing that no specific attempt was made to control LVEDP, heart rate, or the rate of pressure fall during diastole. Since the slope of the diastolic pressure-flow relation may be affected by an interaction between the capacitance of the coronary vasculature and the rate of diastolic pressure fall,15 the relative lack of hemodynamic dependency of the instantaneous HFVP slope index should not be extrapolated beyond the studied ranges of pressure and heart rate.
In conclusion, this study demonstrates the relative hemodynamic dependency of various measures of vascular reserve when aortic pressure, myocardial work, and coronary perfusion pressure are interdependent, as is the case in clinical applications. Of all measurements studied, the instantaneous HFVP slope index showed minimal hemodynamic dependency. Therefore, with advances in technology, this new conceptual approach may be of value in human studies.
